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polymers, e.g. polylactic acid [1], polycaprolactone (PCL), polyglycolic
acid (PGA), and their copolymers have been thoroughly investigated
for a range of biomedical applications [2], from sutures and soft tissue
grafting to load-bearing bone ﬁxation devices [3]. Biocompatibility is a
substantial characteristic for any implant material. However several
other parameters such as degradation rate, swelling proﬁle and me-
chanical performance in aqueous environments should also be carefully
consideredwhen selecting a biopolymer for an end application [4]. Nat-
ural and synthetic polymers have been fabricated into porous structures
using a variety of methods such as porogen leaching, phase separation,
freeze drying and electrospinning [2,3,5]. However, these techniques do
not offer good control over geometry, porosity, pore size and strut thick-
ness, which can signiﬁcantly affect cell behaviour and fate [6,7]. Re-
cently, 3D printing technologies have been introduced into the
biomedical ﬁeld to generate complex porous architectures with adjust-
able micro-features [8–10]. The 3D printing methods have typically
used thermoplastics in the manufacture of synthetic polymer scaffolds
due to their melt processing nature [9,10]. Alternatively, a thermoset
or thermoplastic layer-by-layer approach (stereolithography) has also
been applied using photo-polymerization of multifunctional monomers
containing photoinitiators and acrylates reactive groups [9,11]. This
method enables manufacturing of hierarchical polymer constructs
with a well-deﬁned geometry, porous structure and surface roughness
of up to 5 μm resolution [10]. Further reﬁnement using two-photon
absorption (2PA) has been used in near-infrared (NIR) and visible
light with femtosecond or picosecond pulsed laser to achieve higher
writing resolutions of 100 nm [10,12]. More recently, scaffolds of PLA,
PCL and polyethylene glycol (PEG) have been fabricated using 2PA
stereolithography technology for biomedical purposes [10,12].
Copolymers of biodegradable polymers have been preferred over
pure polymers as their degradation and mechanical proﬁles can be
tuned via alteration of monomer ratios. Among all biodegradable copol-
ymers, poly(D,L-lactide-co-ɛ-caprolactone) (PLCL) copolymer has po-
tential. For example, PLCL copolymers have been utilized in
development of elastic mechano-active scaffolds for tissue engineering
such as cartilage repair [13,14]. In this work cell response was found
to be enhanced within mechano-active scaffolds due to mechano-
transduction [13]. Jeong et al. [15] investigated mechanical recovery of
ﬂexible scaffolds from PLCL copolymer. The scaffolds maintained nearly
96% mechanical recovery for two weeks in phosphate buffered saline
solution (PBS) under cyclic tensile strain (ranged from 5 to 20%). PLCL
scaffolds, having 300–500 μm pore size and 85% porosity, were also de-
veloped using a gel-pressing technique for cartilage regeneration in a
rabbit model [16]. Deposition of chondral extracellular matrix was de-
tected on the scaffolds, attributed to mechanical stimulation in the
physiological environment of the rabbit. Therefore, the ideal scaffold
should also maintain mechanical stability during the period of tissue
healing while undergoing degradation and replacement by the
remodelled tissue in vivo [15].
The manufacturing protocol, preliminary degradation and mechani-
cal results of scaffolds fabricatedwith PLCL copolymer containing differ-
ent ratios of lactide (LA) to ɛ-caprolactone (CL) (LC16:4, 18:2 and 9:1)
through 2PA methods have been published [12]. Here, the degradation
rates and compressive properties of the scaffolds were found to de-
crease as the CL content increased. This was ascribed to the slower deg-
radation rate and lowmechanical properties of PCL alone in comparison
to poly(D,L-lactide) [12]. Such recoverable and degradable scaffoldsmay
be an ideal platform for combination with injectable hydrogels such as
elastin-like recombinamers (ELRs) to enhance cell response with scaf-
folds [17].
ELRs are synthetic polypeptides produced via genetic engineering
technology tomimic natural elastin [18,19]. They are oligomericmacro-
molecules composed of a repeated amino acid sequence [19,20]. WhenArg-Gly-Asp (RGD) and bone morphogenetic protein-2 (BMP-2) were
incorporated into the ELR sequences, it boosted osteoinductivity and
cell adhesion [21,22]. Semicrystalline blocks of silk can also be added
to ELRs to produce silk-elastin-like recombinamers (SELRs) that com-
bine the high strength of silk with the high elasticity of elastin, resulting
in greater biological, degradation and mechanical properties [1,23,24].
B.mori silk is approved by the FDA as a biocompatiblematerial and elas-
tin is abundantly present in extracellularmatrices of tissues. In addition,
SELRs have proven to be biocompatible materials [1,23]. ELRs also have
thermo-responsive properties; they convert from sol to gel via physical
crosslinking at a transition temperature, which is usually lower than the
body temperature (37 °C). Therefore, ELRs can be injected in the solu-
tion state and consequently gelled in the physiological environment
[21]. The combined properties of biocompatibility, self-assembling con-
duct andmechanical strengthmake ELRs a good candidate for tissue en-
gineering and drug delivery applications [18,20].
Hybrids of scaffolds impregnated with hydrogels have emerged to
overcome the shortcomings of using scaffolds and hydrogels separately
as an implant [25–27]. The hypothesis is that 3D porous scaffoldswould
provide mechanical integrity, support and geometry throughout the
healing process of the tissue, while hydrogels would be a favourable en-
vironment for cell attachment, proliferation, differentiation, enabling
easier exchange of nutrients and metabolic waste products with sur-
rounding tissues [26–28]. The presence of hydrogel within the scaffold
poreswould also facilitate encapsulation of cells in cellularised implants
[26]. However, only a few combinations of 3D printed polymer scaffolds
and hydrogels have been studied such as, PCL-chitosan [26], PLA-
gelatine [27], PCL/collagen -hyaluronic acid [29] and PCL-elastin [30].
Of these, a hybrid of 3Dprinted PCL scaffolds and chitosan hydrogel con-
taining mesenchymal stem cells was prepared to explore their
mechanical, degradation and osteogenic potential. The hybrid showed
greater osteogenic differentiation and new bone-matrix formation
after 2 weeks compared to PCL scaffold and chitosan hydrogel alone
in vitro [26]. After 21 days in PBS, the degradation rate, percentage of
wet weight change, of the hybrid was almost double the PCL scaffold
and half the chitosan hydrogel. No signiﬁcant change was seen in com-
pressive properties of PCL scaffolds incorporated with hydrogel, which
is to be expected due to signiﬁcant mismatch between the mechanical
properties of the PCL scaffold and chitosan hydrogel.
A further material can also be easily added into the hydrogel and
subsequently in the hybrid structures. For example, nanoparticles
have been encompassed into hydrogels to deliver supplementary func-
tions to the multiphase hybrid constructs such as bioactivity [31],
controlled-release [32] and drug delivery [33].
The research presented here combines these advantageous tech-
nologies to obtain a novel multiphase construct. Speciﬁcally, a well-
deﬁned 3D scaffold architecture was manufactured from PLCL
copolymer using two photon polymerization (TPP) technology
to the dimensions of 1.7 × 1.7 × 3.5 mm3. Cytotoxicity of the
photoinitiators has been one of the complications associated with
TPP [34]. A biocompatible photoinitiator (BA740) [35] was devel-
oped at University of Jena and used in the current study. The scaf-
folds were then impregnated with SELR hydrogel with or without
2 wt% of hydroxyapatite nanoparticles (nHA) [35]. The effect of
SELR and SELR-nHA nanocomposite incorporation into PLCL unit
cell scaffolds on the in vitro degradation, compressive and cytotoxic
properties were investigated and presented here in a detailed
study up to 112 days. The results showed that change in mechanical
properties is strongly correlated with weight change proﬁles.
2. Materials and methods
2.1. Manufacture of PLCL unit cell scaffold
PLCL scaffoldswere preparedby TETRA Society for Sensoric, Robotics
and Automation GmbH and Institute for Bioprocessing and Analytical
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methodology have been published earlier [12,35]. Brieﬂy, ring opening
polymerization process was used in synthesis of methacrylated lactic
acid/ε-caprolactone (mLC) comonomer (LA:CL ratio of 16:4). The
photoinitiator (BA740) was dissolved in acetone (0.2 mg μl−1) and
then added to the copolymer precursors to attain the concentration of
0.2%. Themixturewas left continuously stirring overnight at 60 °C to re-
move the residual solvent and produce a uniform solution. M3DL TPP
scanner setup (LZH Hannover, Germany) equipped with a source of
femtosecond laser (140 fs, 80 MHz, 800 nm) was utilized for
manufacturing PLCL scaffolds. The mLC and BA740 solution mixture
was inserted between two glass coverslips separated by 2 mm using a
spacer. The mLC solution was photo-polymerized using the laser beam
that was adjusted in focus using a 63× objective lens with 0.75 optical
aperture (LD-Plan-NEOFLUAR, Zeiss, Germany). A 3D nano-positioning
stage controlled with computer model and supported by a galvano-
scanner (Aerotech, USA) was used to control the track of the laser
beam allowing for mLC materials to be polymerized in the 3D architec-
ture. The laser intensity was adjusted at about 0.9 TW cm−2 and a writ-
ing velocity of 5 mm s−1 was used. Finally, the PLCL scaffolds were
incubated for 24 h in acetone to eliminate the unpolymerised mono-
mers. The Schwarz P unit cells of 520 μmsizewere printed and arranged
in arrays to obtain scaffolds with the dimension of 1.7 × 1.7 × 3.5 mm3.
The fabricated scaffolds (averagemolecular weight 1822 g·mol−1 [12])
were kept in double sterilization pouches and then gamma sterilized at
the dose of 25 ± 2.5 kGy. The scaffolds remained in their pouches until
testing.
2.2. Preparation of SELR-nHA nanocomposite hydrogel
Lyophilized SELR and suspension of nHA in PBS (2 wt%) were pro-
vided by The University of Valladolid and the Technical University of
Catalonia, respectively (Spain). Details of preparation methodology
and characterization of both SELR and nHA have been separately
studied and published [1,23,24,36]. The nHA particles have a
needle-like shape with approximately 100 nm in length [36]. SELR
and nHA suspension were received sterilized and kept in −20 °C
freezer prior to use. Their packages were opened and used inside a
cell culture hood. SELR gel was reconstituted in PBS to a concentra-
tion of 100 mg ml-1. The mixture was left continuously stirring
for 6 h in an ice bath in order to maintain the temperature of themix-
ture to be below 4 °C, until the SELR was fully dissolved and a trans-
parent uniform solution was obtained. The same method was
followed to produce a SELR-nHA nanocomposite hydrogel with a
nHA/PBS suspension. The solutions were cast into a plastic mould
(see Supplementary information Fig. S1) and then left to allow
physical crosslinking while kept in the mould at 37 °C for 4 days in
100% humid environment using a sealed plastic container containing
PBS.
2.3. Preparation of PLCL-SELR-nHA multiphase hybrids
To impregnate the scaffoldswith the hydrogel, SELRor SELR-nHA so-
lutions were prepared as detailed above. The scaffold was initially
inserted into a plastic micropipette tip and left to cool down to a tem-
perature below 4 °C. Subsequently 70 μl of the hydrogel solution was
injected onto the scaffold and the hydrogel was pushed forward and
backward several times through the scaffolds using a 1 ml plastic sy-
ringe to ensure that the scaffold pores were fully occupied with the
gel as graphically presented in Fig. 1. The tips contain PLCL-SELR or
PLCL-SELR-2 wt% nHA were kept for 4 days at 37 °C and 100% humidity
to allow the SELR hydrogel to physically crosslink. Finally, the hybrid
samples were removed from the tip. Reconstitution and injection pro-
cesses of the gel were performed in cell culture hood to maintain the
sterilized state of the specimens and to allow for further tests.2.4. Compression test of the multiphase hybrids
A Hounsﬁeld testing machine with a 5 N load cell was used to mea-
sure the compressive properties of SELR and SELR-nHA nanocomposite
hydrogels. A crosshead speed of 0.5 mmmin−1 was applied on ﬁve rep-
licates (n = 5) of the hydrogel specimens (4 mm diameter and 4 mm
height) up to 20% compressive strain.
An Instron 5969 equippedwith a 50 N load cell was used to evaluate
compressive strength and modulus of the hybrids. Testing and calcula-
tions of compressive strength and modulus were performed in accor-
dance to ASTM 1621-10: 2010. The hybrids were placed vertically
between platens of the Instron and a crosshead speed of
0.5 mmmin−1 was applied up to 20% strain. Measurements were con-
ducted on ﬁve replicates (n = 5) of wet specimens. Before the start of
degradation experiments, the initial compressive properties of the scaf-
folds were determined as wet after soaking in PBS for 60min. Compres-
sive strength was determined as the maximum compressive stress at
20% strain, while the modulus was calculated from the gradient of the
initial part in the stress-strain curve.
To examine themechanical recovery of the PLCL scaffolds, a loading-
unloading hysteresis loop was measured for the dry samples up to 70%
strain at the speed of 0.5 mm min−1 and a video was recorded for the
whole test. Two successive cycles were applied on the same scaffolds
with no time interval.
2.5. In vitro degradation studies
The standard, BS EN ISO 10993-13:2010 was followed to perform
in vitro degradation experiments. An accelerated degradation experi-
ment was conducted on PLCL scaffolds alone at 37 ± 1 °C using media
at different pH values (7.4, 6.5, 5.5 and 4.5 ± 0.1). The pH of the degra-
dationmediawas adjusted using diluted hydrochloride acid. Changes in
weight, mass loss and pH of the degradation media were monitored
against time for up to 56 days. In this experiment, the scaffolds (n =
5) were washed with distilled water and then blot dried with tissue
paper before recording their wetweight. The dryweight of the scaffolds
was obtained after drying at 50 °C for 120 min in a vacuum oven.
A further in vitro degradation experiment was conducted on PLCL
scaffolds and PLCL-SELR+/−hybrids. Individual specimens were sub-
merged in 30 ml of PBS (pH = 7.4 ± 0.1) using glass vials and kept in
an oven at 37 ± 1 °C throughout the whole period of the study
(112 days). At each degradation timepoints, the sampleswere removed
from the degradation medium using a tweezer and shaken gently to re-
move surplus of PBS before determining the wet weight (m). Percent-
age changes in wet weight of the ﬁve replicates (n = 5) of each
specimens were recorded against degradation time. Mass loss of the
specimens was also determined as the percentage difference between
the initial dry weight of the scaffolds and the dry weight of the samples
after 112 days of degradation. Degradation media in both studies were
replaced on a weekly basis.
2.6. Thermal analysis of SELR hydrogels
Differential thermal calorimetry (DSC, TA Q10) was used to deter-
mine the transition temperature (Tt) from solution into hydrogel. The
test was conducted on fresh SELR (as prepared non-crosslinked) and
crosslinked hydrogel (after maintaining at 37 °C and 100% humid envi-
ronment for 4 days) over a temperature range of 5–50 °Cwith a heating
and cooling rate of 5 °C min−1.
2.7. Microscopic analysis
PLCL scaffolds and PLCL-SELR+/−nHA hybrids were sputter coated
with platinumat 2.2 kV for 90 s using a Polaron SC7640 coater (Quorum
Technologies, UK) and examined using JEOL 6400 scanning electron
Fig. 1. Optical images and scheme for impregnation process of PLCL scaffold with SELR or SELR-2 wt% nHA nanocomposite hydrogels. Blue arrows point towards the scaffolds inside the
micropipette tips.
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of 20 mm.
Optical images of PLCL scaffolds and PLCL-SELR+/−nHA hybrids
were captured before and at the end of the degradation study (for
wet and dry conditions) using a Nikon digital camera (Dxm1200F,
Japan) attached to Nikon microscope (Japan). The images were proc-
essed using image analysis software (Nikon ACT-1 v. 2.62, LEAD
Technologies, USA).
2.8. human Mesenchymal Stem Cell (hMSC) culturing
Reagents used were purchased from Thermo Fisher Scientiﬁc (UK)
unless otherwise stated. Constitutively expressing Green Fluorescent
Protein (GFP) adult human bonemarrow-derived immortalizedmesen-
chymal stem cells (hMSCs) were used in this study [37]. The cells were
cultured in Dulbecco's Modiﬁed Eagle Medium (DMEM) supplemented
with 10% (v/v) foetal calf serum (FCS), 1% (v/v) non-essential amino
acids, 1 mM L-glutamine and 0.5% (v/v) Penicillin/Streptomycin, and
maintained at 37 °C in a humidiﬁed atmosphere with 5% CO2. At
70–90% conﬂuency, the culture medium was removed; cells were
then washed with phosphate saline buffer (PBS) and then harvested
using 0.05% Trypsin-EDTA.
2.8.1. Cytocompatibility of SELR hydrogel
SELR was reconstituted to a concentration of 100 mg ml−1, and
allowed to set as a drop (100 μl volume) onto a culture coverslip for
40 min at 37 °C. A cell suspension of 4000 GFP-labelled hMSCs [37]
was then added onto the coverslip and cell growth was monitored
over 4 days by acquiring live cell imaging using JuLI™ FL (NanoEnTek,
Korea).
2.8.2. Cytotoxicity evaluation of PLCL-SELR-nHA multiphase hybrids
By-products of the degradation of PLCL scaffolds and the hybrids
were investigated according to ISO 10933-13. Individual specimens
were fully immersed in 5 ml of DMEM inside a sterile 6-well plate and
kept in an incubator (37 °C and 5% CO2) for 28 days. DMEM without
any specimens was used as control. After 7, 14 and 21 days ofimmersion, the DMEM conditioned with different scaffolds as well as
the control (medium not exposed to scaffolds) was removed
and replenished with fresh DMEM. The removed media was stored at
−20 °C until testing.
The hMSCs were seeded at 2000 cells per well in a 96-well plate and
after 24 h, culturemediumwas replacedwith the control or conditioned
DMEM from PLCL, PLCL-SELR and PLCL-SELR-2% nHA specimens after
supplementation with 10% foetal calf serum and 1% of L-glutamine,
non-essential amino acids and penicillin/streptomycin. Cells were incu-
bated in conditionedmedium for 24 h at 37 °C and 5%CO2 in accordance
with ISO 10993-5:2009 and then DNA content, cell metabolic activity
and Neutral Red assays were performed as described below.
2.8.3. DNA content assay
The culture medium was removed and the cells were washed
with PBS before adding 100 μl perwell of sterile distilledwater. Samples
(n = 6) were lysed through three cycles of freeze thawing at−80 °C.
DNA content was quantiﬁed using Quant-i™ PicoGreen® dsDNA Assay
kit according to manufacturer's instruction. Brieﬂy, each well was
loaded with 100 μl of PicoGreen working solution (1 in 200 dilution of
dye with 1× Tris-EDTA buffer). After a 5 min incubation period at
room temperature, ﬂorescence intensity readings were taken on a
Tecan InﬁniteM200microplate reader (Tecan, UK) at 480 nmexcitation
and 520 nm emission. The DNA concentration was extrapolated using a
standard curve prepared from standard DNA calf thymus provided with
the assay kit. DNA content was expressed by normalizing against the
control for each time point.
2.8.4. Cell metabolic activity assay
Metabolic activity of hMSCs was determined using PrestoBlue®
assay. The culture medium was removed and cells were washed with
PBS before adding 100 μl of PrestoBlue® working solution, which was
prepared by mixing PrestoBlue® reagent with pre-warmed Hanks Bal-
anced Salt Solution (HBSS) at a ratio of 1:9 (v/v). Six wells containing
only PrestoBlue working solution with no cells were used as blanks.
After 24min the ﬂuorescence intensity wasmeasured at 530 nmexcita-
tion and 590 nm emission ﬁlters on a TECAN Inﬁnite M200 micro-plate
Fig. 2. Compressive loading-unloading hysteresis loop of the dry PLCL scaffolds, the
compression test was applied on the scaffolds up to 70% strain at 0.5 mm min−1 speed
and then unloaded to retrieve the original dimensions at the same speed. The scaffold
exhibited an excellent recovery proﬁle. Two successive cycles were applied on the same
scaffolds and showed identical loops.
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ing for unreduced (blank) reagent and normalizing against the control
at each time point.
2.8.5. Neutral Red uptake assay
For the stock solution, 0.2 g of Neutral Red (NR) (Sigma-Aldrich)was
dissolved in 50ml of sterile distilledwater. NR solutionwas then diluted
with DMEM at a ratio of 1 in 80 and syringe ﬁltered using a 0.2 μm ﬁlter
to remove insoluble dye crystals. For cell viability assessment, culture
medium was removed and cells were washed with PBS before adding
100 μl of NR/DMEM solution to eachwell alongwith 6 blankwells. Sam-
ples were incubated for 3 h at 37 °C, 5% CO2 before washing with PBS
and subsequently blot drying the samples. At this stage images were
taken using Nikon Eclipse TS100. To perform quantiﬁcation, 100 μl per
well of NR desorbing solution (1% glacial acetic acid, 49% ethanol and
50% water) was added to each well including the blank wells The well
plates were gently shaken for 10min and then NR absorptionwasmea-
sured at an optical density (OD) of 540 nm using a TECAN InﬁniteM200
micro-plate reader. Neutral Red uptake or cell viability was expressed
after subtracting the reading for blank wells and normalizing against
the control at each timepoint. Viability of b70%was considered to be cy-
totoxic as outlined by ISO 10993-5:2009.
2.9. Statistical analysis
At least ﬁve replicates (n ≥ 5) of each specimenwere used in all tests
and the obtained results are represented as mean ± SEM (standard
error), unless otherwise mentioned. GraphPad Prism software (version
6.0) or IBM SPSS Statistics 22 was used to perform statistical analysis.
One-way ANOVA analysis with a post hoc Tukey comparison was ap-
plied for mechanical and degradation tests. For cytotoxicity, a two-
way ANOVAwas performed with the culture condition as a ﬁxed factor
and for post-hoc analysis, Least Signiﬁcant Difference (LSD, equivalent
to no adjustments) was carried out whereby P values b0.05 were con-
sidered signiﬁcant.
3. Results and discussion
Hybrids consisting of hydrogels in polymer scaffolds have emerged
as a natural development of implantable materials to exploit the com-
bined characteristics of each individual constituent [3]. The 3D polymer
scaffold would provide mechanical stability while hydrogels would
offer hydrophilicity and good cell attachment [3,38]. Mechanical prop-
erties of polymer scaffolds can be adjusted through the alternation of
porosity, polymer type and design of the construct [8]. Mechanical and
biological properties of hydrogels could be also enhanced by incorpora-
tion of nanoparticles (i.e. nanocomposite hydrogel) such as hydroxyap-
atite [39,40]. In this study, a highly controllable 3D copolymer scaffold
architecture was achieved using TPP, which were then inﬁltrated with
SELR hydrogel with and without nHA particles. In order to investigate
the mechanical performance of PLCL-SELR-nHA hybrids, compressive
properties of PLCL scaffold, SELR and SELR-nHA were separately evalu-
ated. The same composition and architecture of PLCL scaffolds alongside
two other LA to CL ratios (18:2 and 9:1)weremanufactured afterwhich
their degradation andmechanical propertieswere studied up to 90days
[12].
3.1. Mechanical recovery of the PLCL scaffolds
PLCL ﬂexible scaffolds were tested up to 70% strain to examine their
mechanical recovery, Fig. 2. Two identical narrow stress-strain hystere-
sis loops were obtained from two sequential loading-unloading cycles,
indicating the lower energy dissipation during the loading-unloading
cycles as a result of the high elasticity of the PLCL scaffolds [41]. The nar-
row hysteresis loops suggested also that the microstructural damage
during the compression process of the PLCL scaffold was limited [41].The high elasticity of the scaffolds was ascribed to the low glass transi-
tion temperature of PLCL copolymer (4.8 °C [12]). At room temperature
(~20 °C), the PLCL copolymer is in its rubbery state. The stress-strain
curve was linear up to 40% strain and the increase in the compressive
stress afterwards (see Fig. 2) was attributed to the gradual compressing
of the scaffold pores. Through a video recording (see Supplementary
Movie S1) of the compression test (loading and unloading), it was
found that the scaffold has fully recovered (100% of the original dimen-
sions)within 5min after 70% compressive strain. A second cycle of com-
pression was then applied after it has fully recovered from the 1st cycle.
It can be observed that the stress-strain loop between the 1st and 2nd
cycle obtained was identical. This test evidenced the instantaneous
shape recovery property of PLCL scaffolds and revealed their potential
implementation in minimally invasive delivery (i.e. arthroscopic sur-
gery) [42,43].
3.2. Accelerated in vitro degradation of PLCL scaffolds
Inﬂammatory responses normally initiated after occurrence of bone
trauma are essential for bone healing [44]. Inﬂammation can last for a
week after bone fracture and grafting [45,46]. Inﬂamed tissues are usu-
ally acidic with pH ranges from 6.0 to 7.0 or even lower than 6.0 [47].
The degradation rate of biodegradable polymers was found to be accel-
erated in acidic media [48]. In addition, photo-polymerization has been
reported to change the degradation rate of polymers [49]. Therefore, it
would be crucial to evaluate the stability of PLCL scaffolds in an acidic
environment. Degradation and mechanical proﬁles of PLCL scaffolds
were investigated in degradation media with different pH values (7.4,
6.5, 5.5 and 4.5± 0.1) at 37 °C, see Fig. 3. Theweight change of scaffolds
at lower pH (6.5, 5.5 and 4.5) initially increased up to 42% at day 3 and
then decreased gradually to nearly−25%at day56.Specimenswith a pH
of 7.4 showed a continuous increase over time, reaching up to 80% at
day 42, followed by a gradual decrease to 50% at day 56, see Fig. 3a.
The mass loss of scaffolds was determined after drying them in a vac-
uum oven for 120min at 50 °C. The percentage of mass loss for all spec-
imens (see Fig. 3b) increased gradually to 8% at day 28 with no
signiﬁcant difference being observed between scaffolds at different pH
values. Afterwards, a signiﬁcant difference was observed between scaf-
folds degraded in acidic media (pH from 4.5 to 6.5) and scaffolds in PBS
(pH = 7.4). Initial increase in pH of the acidic degradation media to
7.4 at day 3was followed by a steady decrease with increasing degrada-
tion time as shown in Fig. 3c. The initial increase in pHwas suggested to
be due to the leaching of chemical residuals as result of the scaffold fab-
rication process No signiﬁcant difference was observed in terms of
Fig. 3. Degradation and retention in compressive properties of PLCL scaffolds degraded in media of different pH values (7.4, 6.5, 5.5 and 4.5 ± 0.1); (a) percentage of weight change,
(b) percentage of mass loss and (c) pH of degradation media changes against degradation time. Variation in compressive properties of PLCL scaffolds against time during degradation
in media with different pH values (7.4, 6.5, 5.5 and 4.5) at 37 °C; (d) and (e) variation in compressive strength and compressive modulus of the degraded scaffold against degradation
time. Five replicates (n = 5) were tested and error bars represent SEM. The degraded scaffolds in acidic media (pH of 6.5 and less) showed similar values and proﬁles (the differences
in the properties are not signiﬁcant, P N 0.05), which were different from scaffolds at pH of 7.4.
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values up to day 7, followed by a signiﬁcant decrease for scaffolds de-
graded at lower pH as shown in Fig. 3d and e. A late increase was seen
in terms of compressive strength andmodulus (50 kPa and 300 kPa, re-
spectively) for specimens degraded at a pH of 7.4 after day 35. This may
be due to the swelling of scaffolds as observed from Fig. 3a. Conversely,
all the scaffolds with a pH value ranging between 6.5 and 4.5 revealed a
continuous steady decrease in terms of their compressive properties,
reaching up to a strength of 5 kPa and a modulus of 20 kPa at the end
of the study (56 days) as result of progressive degradation of the scaf-
fold materials, as shown in Fig. 3d and e. Alternatively, scaffolds de-
graded in PBS retained approximately 70% of their initial properties
until day 56. This study could potentially explain the differences com-
monly observed between in vitro and in vivo degradation rates [50]
since the presence of inﬂammation i.e. an acidic environment would ac-
celerate the degradation of the implant and subsequently lead to an un-
predictable degradation rate even if it was within a short period of time.
Changes inmass loss of scaffolds were similar up to 28 days, while
differences in terms of their respective compressive properties when
degraded in acidic media and PBS became signiﬁcant on day 14. At
day 28, the compressive strength and modulus for scaffolds de-
graded in PBS at a pH of 7.4 were three times greater than other
groups. This was ascribed to the acceleration of degradation process
of biodegradable polymers in acidic degradation media [51]. Thisoutcome was also attributed to the nature of the degradation mech-
anism of bioresorbable polymers that initially involved reduction in
molecular weight followed by a loss in terms of mechanical proper-
ties and weight loss [52]. The weight gain for the scaffolds degraded
in PBS (pH 7.4) until 40 days was attributed to the swelling of the
scaffolds and hence the increase in the amount of water uptake.
The gradual (almost linear) change in mass loss and mechanical
properties over time conﬁrms that the scaffolds experienced a sur-
face erosion mode of degradation [53]. Mondschein et al. [11] re-
ported that the linear degradation proﬁle of the scaffolds is
indicative of surface erosion mechanism.
Changes in the degradation and mechanical properties of PLCL scaf-
folds in acidic media (pH of 4.5–6.5) versus time exhibited approxi-
mately the same values and trend (P N 0.05). Similar results for solid
PLA specimens were reported by Lyu and Untereker [54]. The degrada-
tion rate of PLA did not change when the pH changed from 4 to 7 due to
the low solubility of hydrogen (H+) and hydroxide (OH−) ions of the
degradation media in the polymers [54].
3.3. Properties of SELR+/−nHA nanocomposite hydrogel
3.3.1. Thermal characterization of SELRs
As-prepared SELRs demonstrated reversible sol-gel phase change
with transition temperatures (Tt) of 16 and 12 °C, endothermic and
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and b. Differences between heating and cooling transition temperatures
(thermal hysteresis of 4 °C) could be ascribed to the strong molecular
interaction between SELR chains [55]. It is also highly dependent on
heating/cooling rate, as the difference increases with increase in
heating/cooling rate [56]. Below Tt, the SELR is in a solution state
consisting of randomly disordered coils of ELR chains. As the tempera-
ture reaches Tt, the ELR chains self-assemble and fold resulting in its
conversion into a gel state [57]. The exothermic peak during the cooling
stage is attributed to the unfolding of the ELR chains [56]. Values of Tt
depend on the molecular weight and presence of other molecules
such Bombyx mori silk [1,57]. However, the reversible phase changeFig. 4. Thermal, mechanical and cytocompatibility properties of SELR hydrogels; (a) and (b) repr
to crosslinking and (b) after thermally crosslinking y at 37 °C in 100% humid environment for 3
(c) representative stress-stress curves and (d) compressive strength and modulus. At least ﬁ
presented (±SEM). GFP-labelled hMSCs were cultured with the SELR hydrogel; (e) prepara
3.5 days in culture seen through FITC ﬂuorescence channel (lower panel). Scale bar in Figure f eqand thermal transition characteristics of the hydrogel fully disappeared
post thermal crosslinking. Thiswas attributed to the self-assembling silk
chains into thermally and chemically stable structure within the ELR
hydrogels [1].
3.3.2. Mechanical inﬂuence of the nHA on SELR
Themethodology for the synthesis and characterization of structural
and biological properties of nHA have been previously published by
Zhao et al. [36]. Fig. 4c and d show the compressive properties of SELR
and SELR-2 wt% nHA nanocomposite hydrogels. Stress-strain curves
for the SELR and SELR-nHA specimens (Fig. 4c) exhibited a nonlinear
strain stiffening proﬁle, where the stiffness of hydrogels increased asesent heating-coolingDSC cycles for SELR hydrogelswhere (a) as-prepared hydrogel prior
days. Compressive properties of SELR hydrogels before and after inclusion of 2 wt% nHA;
ve replicates (n = 5) of SELR+/−nHA hydrogels were tested and the mean values are
tion of the hydrogel for cell culture and (f) time-course of cells in culture after 1, 2 and
uals 500 μm. ** and *** represent signiﬁcant difference P b 0.01 and P b 0.001 respectively.
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property is common characteristic for natural hydrogels such as colla-
gen, ﬁbrin and actin [61]. This may be due to the anisotropic nature of
the SELR hydrogel structure and the presence of silk ﬁbroin [23,61].
Silk units are expected to providemechanical stiffness to ELR hydrogels
due to their high tensile strength [23,62]. Extracellular matrices of the
tissue have been proven to follow a strain stiffness proﬁle which was
proposed to be essential to inhibit tearing of tissues under high
stretching [63]. Incorporation of 2 wt% nHA led to a signiﬁcant increase
(P b 0.01) in the compressive strength and modulus of SELR hydrogels
(ca. 60 and 85%, respectively) as shown in Fig. 4d. The agglomeration
of nanoparticles was not anticipated since an aqueous suspension of
as-prepared nHA was used in preparation of the nanocomposite
hydrogels. Moreover, 1 wt% of tri-sodium citrate solution was added
to the nHA suspension to aid optimumdispersion [36]. Note the organic
component of the bone contains nearly 5.5 wt% of citrate [64].
3.3.3. Cytocompatibility of SELR hydrogel
GFP-labelled hMSCs seeded in the presence of SELR gels showed the
ability to grow over time, displaying good adherence and interaction
with the gels (see Fig. 4e and f). No signiﬁcant cytotoxicity wasFig. 5. In vitro degradation proﬁles of PLCL-SELR±2wt% nHA hybrids in PBS at 37 °C; (a) variati
of the degradationmediumagainst time and; (c) and (d) represent changes in compressive stre
(n= 5) of each kind of specimenwere tested and themeanwas calculated (±SEM). The differe
and PLCL-SELR-2 wt% nHA were not statistically signiﬁcant (P N 0.05) throughout the whole dobserved, and cells reached conﬂuence within a 3.5 day period. This
ﬁnding supports previous studies [23,24] which concluded that SELRs
support the proliferation of ﬁbroblasts and mouse myoblast C2C12
cells while demonstrating cytocompatibility.
3.4. In vitro degradation of PLCL-SELR+/−nHA hybrids
Stress-strain curves for PLCL scaffolds and PCL-SELR+/−nHA hy-
brids approximately followed linear trends, see Supplementary infor-
mation, Fig. S2a. As expected the PLCL scaffolds and PCL-SELR+/
−nHA hybrids had similarmechanical properties as the order ofmagni-
tude larger properties of PLCL dominate, see Supplementary informa-
tion Fig. S2b. A similar ﬁnding was reported for 3D printed PCL
scaffolds and chitosan hydrogel hybrids containing MSCs [26].
PLCL scaffolds and PLCL-SELR+/−nHA hybrids exhibited consistent
proﬁles in terms of changes in weight and pH of the degradation media
(PBS) versus time throughout the whole duration of the study, see
Fig. 5a and b. Furthermore, no signiﬁcant differences (P N 0.05) in
weight and pH changes were seen between PLCL scaffolds and the hy-
brid specimens. Similarities in weight change proﬁles was attributed
to three reasons; all specimens were weighed in awet state, the densityon in the weight against degradation time up to 112 days for the hybrids, (b) change in pH
ngth andmodulus of PLCL-SELR+/−nHA hybrids against degradation time. Five replicates
nces inweight, pH of degradationmedia, strength andmodulus between PLCL, PLCL-SELR
egradation duration.
Fig. 6. Images for PLCL-SELR+/−nHA hybrids before (day 0) and after degradation in PBS at 37 °C for 112 days; (a) SEM and optical images of the 3D PLCL whole scaffolds
(ca. 1.7 × 1.7 × 3.5 mm3), (b) SEM micrographs for the dried specimens, (c) optical photographs for degraded hybrids (as wet) at day 112 and (d) optical micrographs for
degraded hybrids after drying in a vacuum oven for 120 min at 50 °C. Scale bars in the optical images (c and d) equal 0.5 mm.
463R.M. Felfel et al. / Materials and Design 160 (2018) 455–467of hydrogels is very close to that of water [65] and the low degradation
rate of SELR hydrogels [23]. Initial increase in the weight of all samples
was due towater uptake reaching up to 140% at day 35. A signiﬁcant de-
crease from 140% to 90%was observed between day 35 and day 49. This
may be due to the leaching of unstable components from the scaffold
material. A second swelling stage was then initiated and continued to-
wards the end of degradation period at 112 days. PBS for all specimens
remained neutral at 7.4 ± 0.2 throughout the duration of the experi-
ment, see Fig. 5b. A previous study investigating similar scaffolds re-
vealed that the pH of PBS remained neutral for up to 90 days even
though the scaffolds lost approximately 40% of their initial weight
[12]. In addition, the scaffolds degraded at 50 °C for 40 days lost N60%
of their weight and no signiﬁcant change was seen in the pH proﬁle.
This was ascribed to gradual degradation of scaffoldmaterials, changing
the degradation media on a weekly basis and the buffering capabilities
of PBS [12]. The change inwetweight of the samples is a result of the op-
posing effects between two physical quantities i.e. the amount of water
uptake andmass loss at each time point [66]. Therefore, increaseweight
change implies that the water uptake is dominant over mass and vice
versa. At the beginning of degradation, water would diffuse into the
scaffold material, resulting in a steep increase in the weight of the sam-
ple, until saturation is achieved. Afterwards, a balance between water
uptake and mass is potentially achieved at some duration throughoutTable 1
Final percentage changes inwet weight, swelling andmass loss of PLCL scaffold and PLCL-
SELR+/−nHA hybrids at the end of the degradation experiment (112 day). The values
presented in this table are mean of ﬁve replicates (±SEM).
Sample code Weight change
(%)
Swelling percentage
(%)
Mass loss
(%)
PLCL 187 ± 9 20 ± 2 41 ± 1
PLCL-SELR 180 ± 14 21 ± 3 38 ± 2
PLCL-SELR-nHA 165 ± 13 19 ± 3 43 ± 7the degradation study leading to an observable plateau in the plot for
weight change against time [66].
3.5. Mechanical retention of PLCL-SELR+/−nHA hybrids
Fig. 5c and d highlights changes in compressive strength andmodu-
lus for PLCL (as control), PLCL-SELR and the PLCL-SELR-nHA hybrids
throughout the degradation period. No statistical signiﬁcant differences
(P N 0.05) in either strength or modulus were observed between differ-
ent specimens at all time points. This was ascribed to the order of mag-
nitude in the differences in mechanical properties between PLCL
scaffolds and SELR+/−nHA hydrogels. The compressive strength and
modulus of SELR+/−nHA hydrogels represent 3% or less of the scaffold.
A similar ﬁnding was obtained for a hybrid of 3D printed PCL scaffolds
and chitosan hydrogel [26]. However, the incorporation of the nano-
composite hydrogel into the scaffoldswas intended to enhance their bi-
ological performance [40]. Compressive strength and modulus for all
specimens initially decreased by about 20% at day 4, which was poten-
tially due to plasticisation effects of PBS, followed by a gradual increase
to 80 kPa and 400 kPa, respectively at day 28 due to scaffold swelling
[12,67]. A gradual decrease was seen in both strength and modulus
after 28 days reaching up to 10 MPa and 50 MPa, respectively, which
was probably due to progressive degradation of the scaffold material.
The gradual reduction inmechanical properties of the scaffolds conﬁrms
their degradation mechanism via surface erosion.
The 3D geometry of PLCL scaffolds can be observed from both SEM
and optical images of the whole scaffold illustrated in Fig. 6a and b.
SEM micrographs for PLCL, PLCL-SELR and PLCL-SELR-nHA hybrids be-
fore and after degradation are shown in Fig. 6b. Collapse and shrinkage
of the scaffolds after degradation can also be observed. However, the
scaffolds maintained the porous structure despite the pores being de-
formed. Swelling and enlarging of PLCL scaffolds throughout degrada-
tion experiments can also be seen from optical photographs of
specimens before and after degradation as shown in Fig. 6c and d. Fur-
thermore, the degraded scaffolds were clearly shrunk and deformed
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shrinkage of the scaffolds throughout the degradation process was re-
ported to be an indication of surface erosion mechanism [11]. All the
specimens had swelled by about 20% (their length increased from
3.5 mm to ~4.2 mm) after 112 days of immersion in PBS at 37 °C as tab-
ulated in Table 1. The scaffolds and hybrid specimens lost approxi-
mately 40% of their initial weight after 112 days of degradation in PBS
at 37 °C. This indicated that the samples followed a surface erosion deg-
radationmechanism [53,68,69] whichwas attributed to the presence of
a high fraction of interconnected pores and large surface area as well as
minimal thicknesses of any sections of the TPP produced Schwarz unit
cell. The high fraction of interconnected pores would facilitate the in-
stantaneous release of degradation by-products. This has been con-
ﬁrmed from the pH proﬁle which showed no sudden change in the pH
of the degradation media towards the end of the study as shown in
Fig. 5b. This can also due to the fact that PBS is capable to compensate
the slight variations in the pH, buffering effect [12,67]. Late-
inﬂammatory responses could occur due to change in local pH as a re-
sult of acidic degradation by-products [54]. This would be a preference
in biomedical applications to obviate sudden failure of the implant
and leaching of signiﬁcant amounts of by-products as a result of acidic
degradation [68] or excessive release of Ca2+ ions in the case of nHA in-
corporated hybrids, leading to cytotoxicity [70]. The white colour of the
wet PLCL-SELR-nHA at the end of the degradation study veriﬁed the
presence of the SELR hydrogel and nHA due to their slow biodegradabil-
ity [23,71]. SELR is transparent, while the white colour is due to the
presence of the hydroxyapatite nanoparticles.Fig. 7. Cytotoxicity assessment of PLCL, PLCL-SELR and PLCL-SELR –nHA hybrids using humanm
measurements normalized to control (no scaffold control at each time point) after 24 h incubati
indicates the 70% value compared to control. *P b 0.05 and **P b 0.01, n = 6, error bars repres3.6. Cytotoxicity assessment of PLCL and PLCL-SELR+/−nHA hybrids
To assess the cytotoxicity of PLCL, PLCL-SELR and PLCL-SELR-2 wt%
nHA hybrids, proliferation, cell metabolic activity and Neutral Red up-
take assays were performed using hMSCs cultured in medium condi-
tioned with these scaffolds for 7, 14, 21 and 28 days.
The Neutral Red assay showed that cell viability is maintained in all
conditions, indicating the lack of cytotoxicity as shown in Fig. 7a. There
was no statistically signiﬁcant difference between the different time-
points analysed. In addition, metabolic activity of cells exposed to all
conditioned media indicated maintained cell health, with no detectable
loss upon exposure to material elutes (Fig. 7b). Cell numbers evaluated
by DNA quantitation showed no apparent decrease upon exposure to
conditioned medium (Fig. 7c). Overall, these results indicate that none
of the test conditions were cytotoxic. This observation is in line with
previous studies demonstrating non-toxic properties of PLCL, per-
formed either in vivo or in vitro using different cells of mesenchymal or-
igin. For example, 3D scaffolds made from PLCL/collagen (LA:CL =
50:50) allowed tendon-derived stem cells to grow and form extracellu-
larmatrices undermechanical stimulation in vitro orwhen implanted in
nude mice or rabbit [72] Another study showed that adipose tissue de-
rived stem cells (ADSCs)were found to adhere to 75:25 PLCLﬁlms alone
without or with NaOH-HCl and ﬁbronectin coating for end application
in cell delivery for abdominal aortic aneurysms [73]; smooth muscle
cells and endothelial cell were able to attach and grow on electrospun
nanoﬁbrous 75:25 PLCL scaffold for use as a blood vessel substitute
[74]; rat bone marrow-derived MSCs were able to grow and expressesenchymal stem cells. (a) Neutral red uptake, (b) metabolic activity and (c) DNA content
on inmedium conditionedwith different scaffolds for 7, 14,21 and 28 days. The dashed line
ent standard error of mean (S.E.M.).
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pared to tissue culture polystyrene [75]; rat bone marrow-derived
MSCs also showed no cytotoxic responses or alteration inmitochondrial
when incubated with degradation products of PCL in PBS collected over
7, 14, 21 and 60 days [76]. Additionally, some previous studies have also
reported the non-toxic nature of SELRs.Machado et al. [23] showed that
when cell culture medium was supplemented with 2.5, 25 and 250
μgml−1 of silk-elastin-like polymers, no cytotoxic effect onmousemyo-
blast cells (C2C12 cells) was observed after 5 days of culture. In another
study, BJ-5ta (ﬁbroblast) cells cultured for up to 3 days in medium con-
ditioned with silk-elastin-like proteins electrospun with formic acid
showed no cytotoxicity [23]. This suggests that copolymerization of lac-
tic acid and caprolactone in PLCL scaffolds and subsequent impregna-
tion with SELR+/−nHA did not promote release of acidic components
such as lactic acid at toxic levels (N20 mmol l−1 in culture medium
[77]), thereby maintaining physiological pH conditions (see Fig. 5b)
allowing cell survival.
Although not detectable by the degradation study shown in Fig. 5a,
there may be a very slow release of nHA from the PLCL-SELR+2 wt%
nHA scaffolds during the 28 day incubation period in DMEM, as the
size of the micro-sized pores within the hydrogel network are antici-
pated to be within a range of 4–200 μm [78], which is several magni-
tudes greater than the size of hydroxyapatite nanoparticles (100 nm
in length with needle-like shape [36,33]). These particles may have ei-
ther potentially been taken up by the cells via endocytosis and/or non-
endocytic routes [33,79], subsequently degraded releasing Ca2+ in the
cells; or these nanoparticlesmay have beendegraded in the conditioned
medium to release Ca2+ and then taken up by the cells [80], either way
resulting in a positive effect on hMSC proliferation. Doses over 10 mM
Ca2+ [81] in the culturemedium are known to be cytotoxic, while lesser
amounts have been shown to enhanceMSC proliferation and osteogenic
differentiation [80,81]. This could explain the signiﬁcantly higher DNA
content detected for PLCL-SELR-2 wt% nHA-conditioned medium com-
pared to control medium (P b 0.01) on day 28 (Fig. 7c).
Interestingly, these results detected signiﬁcantly higher cell viability
at day 7 (Fig. 7a) for hMSCs cultured in medium conditioned with PLCL
or PLCL hybrid scaffolds compared to control (with statistically signiﬁ-
cant differences in case of PLCL and PLCL-SELR-2% nHA, P b 0.01); and
also signiﬁcantly higher metabolic activity in case of hMSCs cultured
in PLCL-conditioned medium compared to control (P b 0.05) at day
21. Previously, Serrano et al. [82] showed a slight increase in mitochon-
drial redox activity of L929mouse ﬁbroblasts cultured on PCLﬁlms. This
however was not observable in the case of rat bone marrow-derived
MSCs [76] when cultured in PCL extracts (in PBS) collected over 7, 14,
21 and 60 days of incubation. Alternately, the presence of lactic acid in
conditioned medium may also have contributed to enhanced cell
viability andmitochondrial activity. Lampe et al. [83] showed that lactic
acid can scavenge harmful free radicals (generated as a result of
photoinitiation) in culture medium in a dose dependent manner (0.1
to 5 mg ml-1), and can improve the viability of neural precursor cells
by 9–21%. The authors also showed that lactic acid can scavenge endog-
enous free radicals and reduce the intracellular redox state by increasing
intracellular levels of pyruvate (involved in mitochondrial metabolism)
and glutathione (part of cells natural antioxidant system).
In conclusion, the results indicated that the degradation products of
PLCL and PLCL-SELRs+/−nHA scaffolds were not cytotoxic, suggesting
that these scaffolds may be suitable for stem cell based therapeutic ap-
plications. In the future, direct contact cytocompatibility assessments of
these scaffolds as well as osteogenesis and chondrogenesis assays will
be performed to explore the beneﬁts of these scaffolds for bone and car-
tilage repair.
4. Conclusions
Multiphase hybrid constructs were produced from a combination of
well-deﬁned 3D PLCL copolymer scaffolds, SELR hydrogels andhydroxyapatite nanoparticles. The PLCL ﬂexible scaffolds exhibited
total recovery after being fully compressed, which would enable future
applications in minimally invasive delivery devices. The scaffolds also
showed accelerated degradation in inﬂamed tissue mimic media
through an acidic environment (pH 4.5–6.5). Mechanical and degrada-
tion properties of the hybrids did not signiﬁcantly change through the
inclusion of SELR or SELR-nHA nanocomposites, as a result of the sub-
stantial disparity between the mechanical properties of PLCL scaffolds
and SELR hydrogels, aswell as the slower biodegradability of the hydro-
gel. The gradual decrease in mechanical andmass loss over degradation
time suggested scaffolds follow a surface erosion degradation mecha-
nism attributed to the large surface area and minimal thickness of any
section of the TPP produced Schwarz unit cell section. Surface erosion
would be desirable for biomedical applications in order to eliminate
the risks of sudden failure and late-inﬂammation due to burst of acidic
degradation by-products. The PLCL scaffolds and the hybrids showed
no evidence of cytotoxicity towards hMSCs. Consequently, these hybrid
constructs represent potential new candidates for biomedical applica-
tions in regenerative medicine such as bone and cartilage repair.
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